Transcription in vitro by the RNA polymerase of infectious haematopoietic necrosis virus (IHNV), a salmonid rhabdovirus, was investigated using different reaction conditions to maximize RNA synthesis. The use of HEPES buffer rather than Tris buffer, and the addition of S-adenosyl-L-methionine to the reactions resulted in a sixfold increase in RNA synthetic activity to 6400 pmol UMP incorporated/mg viral protein/hour. The RNA transcripts produced in this system contained polyadenylated species which co-migrated with IHNV mRNA species 2, 3, 4 and 5 from IHNVinfected cells. The transcripts were shown to be functional mRNA species by their ability to direct the synthesis of viral proteins in vitro.
quantities of the RNA reaction products for further analyses. Reactions were stopped by adding sodium dodecyl sulphate (SDS) to 0-5%; RNA was extracted with phenol and chloroform: isoamyl alcohol (24:1), and precipitated in ethanol. Precipitated RNA was pelleted, resuspended in water, and stored at -70 °C. Polyadenylated RNA was selected from the reaction products by oligo(dT)-cellulose chromatography (Aviv & Leder, 1972) . Glyoxal treatment of RNA and subsequent electrophoresis on 1% agarose gels was carried out as described (McMaster & Carmichael, 1977) with the exception that the glyoxal (Fluka AG, Buchs, Switzerland) was more extensively deionized (Kurath & Leong, 1985) . Fluorography was as described previously (Kurath & Leong, 1985) . Polyadenylated RNA produced in vitro or in infected cells was translated in a cell-free, nuclease-treated rabbit reticulocyte lysate system (Bethesda Research Laboratories) as specified by the manufacturer. Reactions were carried out in 15 ~tl volumes for 1 h at 30 °C in the presence of [3SS]methionine (New England Nuch~ar, NEG-009A, 1166.5 Ci/mmol). Proteins were analysed by SDS-polyacrylamide gel electrophoresis on 10% polyacrylamide gels with a 4.75% stacking gel (Laemmli, 1970) . Following electrophoresis at 20 mA, gels were fixed and fluorographed as described (Kurath & Leong, 1985) .
A series of experiments were undertaken to define optimal conditions for RNA transcription in vitro by the RNA polymerase of IHNV. Sets of reactions were carried out in which only one reaction component was varied and the amount of tritiated UMP incorporated into TCAprecipitable material in 1 h was measured. In this way the concentration of each reaction component that stimulated the maximum amount of RNA synthesis was determined. Each set of reactions was carried out a minimum of three times.
An investigation of the buffer conditions showed that HEPES buffer stimulated threefold more RNA synthesis than Tris buffer (Fig. 1 a) . The optimum concentration of HEPES buffer was 400 raM, while the optimum for Tris buffer was 50 to 100 raM. Table 1 summarizes the results from tests of several other reaction features. The pH of the HEPES buffer that allowed maximum RNA synthesis was 8.0. Detergent lysis of the virus particles was required for transcription, and maximum activity occurred in the presence of 0.05% Triton X-100. Three non-ionic detergents (Triton X-100, Triton N-101 and NP40) were tested and found to stimulate comparable levels of polymerase activity. Temperature studies revealed a fairly sharp optimum of activity at 16 to 18 °C. Tests of the requirement for a reducing agent showed that the optimal concentration of dithiothreitol was 4 mM, while reactions that included 2-mercaptoethanol showed significantly less activity. To define the monovalent cation requirements for the IHNV polymerase, KCI, NaC1, and NH4C1 were included at 0-10 mM 5 mM-MgC12 SAM 0-10 mM 0.2-0'5 mM concentrations ranging from 0 to 100 mM. Although all three stimulated significant activity, the presence of 30 mM-NH4CI in the reaction mixture consistently resulted in the highest enzyme activity. In the presence of 400 mM-HEPES the presence of a monovalent cation was not essential, and NH4CI concentrations greater than 60 mM were inhibitory. However, if the HEPES concentration was lowered to 100 mM the addition of NH4C1 did stimulate enzyme activity significantly. Thus, the monovalent cation requirement could be at least partially fulfilled by high concentrations of HEPES buffer. The viral polymerase showed a definite requirement for a divalent cation, with a sharp optimum of activity at 5 mu-MgC12 (Table 1) . RNA synthesis in the presence of manganese was at best 30~ of the activity with magnesium.
With the exception of the buffer and the temperature optima, these requirements of the IHNV polymerase are similar to those of rabies virus (Kawai, 1977) , vesicular stomatitis virus (VSV) (Aaslestad et al., 1971; Bishop, 1971; Moyer & Banerjee, 1975) , and other fish rhabdoviruses (McAllister & Wagner, 1977; Roy et al., 1975; Roy & Clewley, 1978) . The temperature optimum agrees with the earlier report for IHNV polymerase activity (McAllister & Wagner, 1977) , but the divalent cation studies differ in that manganese was not able to replace magnesium with equal efficiency. The addition of the methylating agent SAM to the optimized transcription reactions resulted in a doubling of the amount of RNA synthesis. The minimum concentration of SAM capable of stimulating the viral polymerase was approximately 10 ~tM, and maximum activity was observed in the presence of 0.2 to 0.5 mM-SAM (Fig. 1 b) . The presence of SAM results in increased activity in vitro of the RNA polymerases of many viruses including the cyprinid rhabdovirus spring viraemia of carp virus (Roy & Clewley, 1978) . Presumably, SAM acts as a methyl donor for capping of the mRNA 5' end and could exert a stimulatory effect on transcription if required m,~thylating compounds were limiting in the reaction.
The previous system described for IHNV transcription in vitro reported the activity of the polymerase to be 1040 pmol UMP incorporated/mg viral protein/h (McAllister & Wagner, 1977) . Our IHNV preparations exhibited activities comparable to this when we used the Trisbuffered reaction conditions described by those authors. The polymerase activity obtained using our modified reaction conditions was 6400 pmol UMP incorporated/mg viral protein/h. This sixfold increase in activity is largely due to the use of HEPES buffer and the addition of SAM to the reactions. In comparison with the polymerases of other rhabdoviruses, this activity is higher than that reported for rabies virus (140 pmol GMP incorporated/mg viral protein/h) (Kawai, 1977) , but still substantially lower than that of VSV (21000 pmol UMP incorporated/mg viral protein/h) (Chang et al., 1974; Moyer & Banerjee, 1975) .
The kinetics of the RNA polymerase activity under the optimal conditions defined above was examined by determining the amount of tritiated UMP incorporated into RNA during various incubation times. The rate of RNA synthesis was linear for at least the first hour of incubation, and in some trials synthesis was linear for up to 3 h (data not shown).
RNA synthesized in vitro under the optimal conditions defined above was denatured by glyoxal treatment and examined by agarose gel electrophoresis (McMaster & Carmichael, 1977) . The reaction products ranged in size from approximately 4.0 x 104 to 5.6 x 105 and contained three major discrete species which comigrated with IHNV mRNA species 3, 4 and 5 from (Kurath & Leong, 1985) . Lane 4 contains [35S]methionine-labelled proteins from IHNV-infected cells, and lane 5 contains proteins from purified IHN virions (Kurath & Leong, 1985) . IHNV proteins are identified on the right, Go is the unglycosylated form of the G protein.
IHNV-infected salmon ceils (Fig. 2a , lane 2) (Kurath & Leong, 1985) . There was also a small quantity of a species which comigrated with I H N V m R N A 2 (Fig. 2a, lane 4) . I H N V m R N A l, which encodes the large (L) protein, has a molecular weight of 2.3 × 106 (Kurath & Leong, 1985) . An R N A transcript of this size was never observed in reaction products in vitro, presumably because of its large size. Fractionation of the R N A transcripts by chromatography on oligo(dT)-cellulose showed that 10 to 3 0~ of the R N A was bound by the resin, indicating a significant proportion of molecules with polyadenylate tracts. Glyoxal gel electrophoresis showed that the polyadenylated R N A was mainly composed of the four distinct R N A species that comigrate with I H N V m R N A species 2, 3, 4 and 5 (Fig. 2a, lanes 3 and 5) (Kurath & Leong, 1985) , and lacked most of the heterogeneous background material visible in unfractionated RNA. The non-polyadenylated R N A contained no discrete bands, and was presumed to be incomplete or degraded transcripts (not shown). The band of R N A migrating with the viral genome (Fig. 2a, lane 5) is most likely due to trapping of labelled material by the large quantity of non-radioactive viral genome RNA in the preparation. This conclusion has been suggested by reconstituti(3n experiments.
In order to determine whether the p(31yadenylated RNA transcribed in vitro was functional mRNA, it was used to prime a rabbit reticulocyte cell-free translation system. The [3 SS]methionine labelled proteins synthesized in vitro are shown in Fig. 2 (b) . Unfortunately there was a background of heterogeneous material which may have been due to tritium-labelled RNA transcripts. Nevertheless, a protein comigrating with the viral nucle(3pr(3tein (N) was clearly visible, and there were faint bands that c(3migrated with the matrix proteins M1 and M2. The lack of visible glycopr(3tein (G) and NV protein products was not surprising since these proteins were translated less efficiently from IHNV mRNA prepared in vitro (compare lanes 2 and 3, Fig.  2b) , and the absolute quantity of RNA obtained from the in vitro system is very low.
The sixf(31d increase in synthetic activity due to the modified reaction conditions and the detection of discrete, identifiable transcript species are both significant advances for this IHNV system relative to the system described previously (McAllister & Wagner, 1977) . In addition, cell-free translation of the polyadenylated RNA transcripts to produce intact viral proteins shows that this transcription reaction is capable of producing functional viral mRNA in vitro. Therefore, this system is useful for both the production of viral nucleic acid and the study of the process of viral transcription in controlled conditions which are not influenced by the host cell.
